Introduction
Ti-6Al-4V alloy is one of the most studied and used titanium alloys in the aeronautics industry. Its (α + β) phase is responsible for the high-hardness and low-density characteristics 1 . However, titanium and its alloys present a high affinity to certain chemical elements such as oxygen, requiring a surface protection to minimize its harmful effects, especially at high temperatures 2 . The use of high-adhered protective coatings, such as silicon carbide (SiC), can create a barrier to the action of oxygen, increasing the lifetime of the alloys 3, 4 . Amorphous SiC films can be deposited at low temperatures by techniques assisted by cold plasmas 3, 5 . Among the plasma assisted techniques for deposing films, DCMS (Direct Current Magnetron Sputtering) and RFMS (Radio Frequency Magnetron Sputtering) are most used. However, a very promising technique, High Power Impulse Magnetron Sputtering (HiPIMS), has recently been studied [6] [7] [8] . In a HiPIMS discharge, the electron density can achieve 10 18 m -3 , which is 2 to 4 orders of magnitude higher than for DCMS, reducing the mean ionization distance to a few centimeters. Therefore, the sputter probability of ionized species is higher in a HiPIMS discharge 9 . These species can be accelerated toward the substrate; as a consequence, the adhesion, hardness, and homogeneity of the films can be improved.
However, even using the HiPIMS technique, in some cases the energetic bombardment of the substrate by the sputtered particles is not high enough to obtain good film-substrate adhesion 10 . In these cases, an interlayer can minimize the lattice mismatches, reducing the stresses at the coating-substrate interface.
This work investigated the influence of the Cr interlayer on the adhesion of SiC films deposited on Ti-6Al-4V substrates. Both, Cr and SiC films were deposited by the HiPIMS technique.
Experimental
The surface of the specimen was manually polished and then ultrasonically cleaned with acetone prior to the depositions. SiC films were deposited on Ti-6Al-4V substrates using the HiPIMS technique. A Cr interlayer was deposited in order to improve the adhesion between the SiC film and the substrate. All the films were deposited at working pressure and argon flow rate of 6.7x10 -1 Pa and 20 sccm, respectively. Table 1 shows the deposition parameters. The purity of the SiC and Cr targets were 99.5% and 99.95%, respectively.
The morphology of the films was analyzed by scanning electron microscopy (SEM) and atomic force microscopy (AFM). The thickness and stoichiometry of the films and interlayers were measured by LayerProbe -SEM-energy dispersive spectrometer (EDS) 11 .
LayerProbe is a non-destructive new software tool for thin film analysis in the SEM-EDS systems. This probe allows calculation of the composition and thickness of the individual layers (from 2 nm to 2000 nm) beneath the surface using the x-ray emitted from the sample.
The film/substrate adhesion was analyzed using an ultra-micro tribometer from CETR (Center for Tribology) on the scratching test mode. The tests were performed by
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using a Diamond Rockwell-C tip, according to ASTM C1624. A progressive normal load was applied from 0.2 N to 25 N, for 10 mm, at 0.1 mm.s -1 sliding speed. In this test, the first critical load (LC1) was defined as the load (N) necessary to crack the film and the second (LC2) as the load necessary to remove the film and expose the substrate on track 12, 13 .
Results e Discussion
The chromium interlayer (Sample 1) obtained is a dense and homogeneous film with pyramidal shape morphology, as can be observed in SEM image (Figure 1) . Figure 2 shows the surface morphology of the Cr interlayer and the SiC films (samples 1-4) obtained by AFM. The root mean square (RMS) roughness values are summarized in Table 2 . The increase in the surface roughness by the Cr interlayer and the reduction of the lattice mismatch between the materials could be responsible for the SiC adhesion 14 .
The results obtained with the Layer Probe indicated that the SiC films deposited are stoichiometric. One of the spectra for sample 3 is shown in Figure 3 . The SiC and Cr thicknesses of samples 2, 3, and 4 are shown in Table 3 .
As expected, both Cr and SiC thicknesses increased with the deposition time.
The results indicated that LayerProbe is a very important technique to determine the thickness of individual layers of a multilayer material.
Figures 4, 5, and 6 show the friction coefficient and applied load obtained by the scratch test of samples 2, 3, and 4, respectively. The vertical yellow line indicates the position of LC1, and the vertical green line indicates the position of the LC2, which are related to the first fracture and the total film delamination from the substrate, respectively. The black curves show the applied force and the pink curves show friction coefficient. These tests results are summarized in Table 4 .
It is possible to observe in the scratch test results that sample 2 and 4 presented lower value for LC1 and for LC2. As the LC1 is related to cohesive failure and LC2 to adhesive failure, samples 2 and 4 presented lower cohesive adhesion and lower adhesion compared to sample 3. Samples 2 and 4 presented lateral cracks on the beginning of the track and wedging spallation followed by delamination after LC2, while sample 3 presented just lateral cracks on all track, which shows good adhesion. For samples 2 and 4, changes in friction coefficient were observed when the substrate is exposed. The SiC friction coefficient has an average value of 0.18 and arrives at 0.32 when the substrate is exposed. For samples 2 and 3, a higher interlayer thickness led to a higher adhesion to SiC film. For sample 4, the lowest LC 2 was observed, which probably occurred because the interlayer thickness is too high (higher than SiC film), leading to a high stress on it 15 .
Conclusions
Cr thin films improved the adhesion between SiC film and Ti-6Al-4V substrate probably caused by the increase in the surface roughness. The increase of Cr layer thickness increased the adhesion of SiC films. The best adhesion of the SiC film was observed for sample 2 (30 min Cr and 2 h SiC).
SEM images indicated a dense and homogeneous distribution of pyramidal shape in the Cr film surface, produced by the HiPIMS technique.
LayerProbe was a very efficient technique to determine the thickness of individual layers of a multilayer material.
